Cellulose synthase (CesA) proteins are components of CesA complexes (rosettes) and are thought to catalyze the chain elongation step in glucan polymerization. Little is understood about rosette assembly, including how CesAs interact with each other or with other components within the complexes. The first conserved region at the N terminus of plant CesA proteins contains two putative zinc fingers that show high homology to the RING-finger motif. We show that this domain in GhCesA1 can bind two atoms of Zn 2؉ , as predicted by its structure. Analysis in the yeast two-hybrid system indicates that the N-terminal portions of cotton fiber GhCesA1 and GhCesA2 containing these domains can interact to form homo-or heterodimers. Although Zn 2؉ binding occurs only when the protein is in the reduced form, biochemical analyses show that under oxidative conditions, the GhCesA1 zinc-finger domain and also the full-length protein dimerize via intermolecular disulfide bonds, indicating CesA dimerization can be regulated by redox state. We also provide evidence that the herbicide CGA 325615 (Syngenta, Basel), which inhibits synthesis of crystalline cellulose and leads to a disruption of rosette architecture, may affect the oxidative state of the zinc-finger domain that is necessary for rosette stability. Taken together, these results support a model in which at least part of the process of rosette assembly and function may involve oxidative dimerization between CesA subunits.
C
ellulose is a highly abundant biopolymer consisting of microfibrils of ␤-1,4 glucan chains. In plants, these chains are synthesized and assembled into microfibrils at the plasma membrane from 6-fold symmetric complexes referred to as rosettes (1) . The catalytic subunit responsible for glucan chain elongation is believed to be a plasma membrane glycosyltransferase named CesA (cellulose synthase). CesA genes were first discovered in cotton (2) and comprise a fairly large gene family of at least 10 members in Arabidopsis and maize, some groups of which are expressed during synthesis of primary wall cellulose, whereas others are expressed at the time of secondary wall synthesis (3, 4) . Their importance in cellulose synthesis was further confirmed by mutations in CesA genes in Arabidopsis that lead to reduced cellulose content (5) (6) (7) (8) (9) by recent work showing that cotton GhCesA-1 expressed in yeast can initiate chain elongation using a sterol glucoside as primer (10) and by immunogold labeling of rosettes using antibodies directed against CesA (11) . Rosette assembly has also been shown to be impaired in certain cellulose-deficient mutants (5, 12) . Furthermore, the herbicide CGA 325Ј615 (Syngenta, Basel), which inhibits synthesis of crystalline cellulose and promotes accumulation of noncrystalline cellulose, also leads to rosette disruption (13) .
One challenge for the future is to understand the mode of assembly of the rosette structures, including how CesA subunits might interact with each other and͞or with other suspected proteins important for the process, such as the membrane-associated 1,4-␤-glucan endohydrolase (also call the Korrigan cellulase; refs. 14, 15) or sucrose synthase (16) . Recent work has also suggested that more than one distinct type of CesA may be required to function together to assure proper rosette assembly and function (7, 17, 18) . All CesAs possess conserved motifs surrounding three conserved Asp (D) residues and eight putative transmembrane helices (1).
According to current topological models, the three Asp residues localize close to each other and, together with a conserved QXXRW motif, form the active site on the cytoplasmic face of the plasma membrane, whereas the eight transmembrane helices create a channel in which the glucan chain is secreted. One notable characteristic of all of the CesA proteins is the presence of two zinc-finger domains located within the cytoplasmic N-terminal region of the proteins. (For sequences, see Fig. 8 , which is published as supporting information on the PNAS web site, www.pnas.org). Except for a few members of the CslD family, the closest ancestors to the CesA genes and some of which may function in cellulose synthesis in tip-growing cells, these domains are notably lacking in the other members of the CesA superfamily (3, 19) . Zinc-finger motifs contain four conserved cysteine residues (X 3 CX 2-4 CX 12-15CX 2 C) that are arranged in tandem and can often possess DNA-binding properties. The cotton GhCesA1 and GhCesA2 zinc fingers (hereafter referred to as the Zn domain) show high similarity to several soybean putative transcription factors (20) and also to RING-finger domains. The RING-finger domain of the type C 3 HC 4 has been defined as a series of conserved Cys and His residues (CX 2 CX 9-39 CX 1-3 HX 2-3 C͞HX 2 CX 4-48 CX 2 C) that binds two zinc atoms in a unique ''cross-brace'' arrangement located at the N-terminal portion (reviewed in refs. 21, 22) . Localization of the CesA Zn domain within the N terminus of CesA proteins at the cytoplasmic face of the plasma membrane suggests a likely possibility that the Zn domain is involved in protein-protein interactions, perhaps between CesA subunits themselves. Depending on the specific proteins, zinc-or RING-finger domains may interact and dimerize either via interactions in the state where the cysteine residues are reduced and zinc is inserted or, on oxidation, via specific disulfide linkages. Thus, control of the redox state of such domains can be important for determining whether dimerization and change in functional state of the interacting proteins can occur (23) (24) (25) (26) (27) . In this regard, production of H 2 O 2 strongly increases during secondary wall formation in cotton fibers and coincides with increases in CesA mRNA and protein expression and onset of rapid secondary wall cellulose synthesis (28) . Furthermore, secondary cell wall development can be inhibited by depletion of endogenous H 2 O 2 and promoted by addition of exogenous H 2 O 2 , indicating that redox state may function as an important signal in these processes, perhaps, at least in part, by regulating rosette assembly and function. Because RING fingers have also recently shown specific interactions with E2 conjugating enzyme in the process of ubiquitinmediated protein degradation (21), it may also be possible that the redox state of the Zn domains regulates rates of CesA degradation.
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In this study, we show that the GhCesA1 Zn domain binds zinc and exists as a monomer in the reduced state, and that either this domain alone or in full-length CesA protein can form dimers via intermolecular disulfide bridges in the oxidized state. By using isolated recombinant GhCesA-1 and GhCesA-2 domains, we show that these can also interact to form heterodimers. We also provide evidence supporting the concept that the herbicide CGA 325Ј615 may inhibit synthesis of crystalline cellulose by interfering with redox regulation in vivo.
Materials and Methods
Growth of Plants and Herbicide Treatments Conditions. Gossypium hirsutum CV Coker 130 was grown in the greenhouse, and bolls were collected at 24 d postanthesis (DPA), as previously described (16) . Arabidopsis thaliana (ecotype Columbia) seeds were chilled for 3 d at 4°C in Gamborg's plant nutrient solution supplemented with 2% sucrose in the dark. Seedlings were transferred to room temperature and grown in the dark for an additional 4 d. The herbicide CGA 325Ј615 (10 nM, from Syngenta, Basel) and H 2 O 2 (as indicated) were added to the seedlings in solution containing 0.1% DMSO, and the seedlings were incubated at room temperature as indicated. Control seedlings were treated with 0.1% DMSO. Seedlings were visualized by using a Zeiss Axiovert 100 microscope. Pull-Down Assay. GhCesA1 and GhCesA2 N-terminal regions (Met-1-Arg-115 and Met-1-Arg-111, respectively) were PCR cloned into a GST expression vector pGEX-4T (Pharmacia) and named GST-A1N 115 and GST-A2N 111 , respectively. The recombinant proteins were expressed in E. coli BL21, affinity purified according to the instructions of Pharmacia, and dialyzed against 137 mM NaCl͞2.7 mM KCl͞4.3 mM Na 2 HPO 4 ͞1.4 mM KH 2 PO 4 , pH 7.3. The GhCesA1 zinc domain (H-A1 ZD ; Met-1 Val-66) was PCR cloned into the His-tag expression vector pQE30 (Qiagen, Chatsworth, CA), expressed in E. coli BL21, affinity purified according to the instructions of Qiagen and dialyzed against 20 mM HepesNaOH, pH 7.4. Protein concentrations were determined by using Coomassie Plus Protein Assay Reagent (Pierce) with BSA as standard.
For pull-down experiments, H-A1 ZD (7.5 M) was incubated in the presence of 2 M GST-A1N 115 , GST-A2N 111 , or GST at 4°C for 4 h in 250 l of binding buffer (250 mM NaCl͞2.7 mM KCl͞4.3 mM Na 2 HPO 4 ͞1.4 mM KH 2 PO 4 , pH 7.3͞5% glycerol). Thirty microliters of glutathione-Sepharose 4B beads (Pharmacia) prewashed with 30 volumes of binding buffer was added to the proteins, and samples were incubated for an additional 45 min at 4°C, centrifuged at 1,420 ϫ g for 5 min at 4°C, and the beads were then washed three times with 750 l of binding buffer containing 0.2% Nonidet P-40. Proteins were released by boiling the beads 5 min with 30 l of SDS͞PAGE sample buffer. Samples (10 l) were separated on a 15% SDS͞PAGE and detected by silver staining.
Determination of GhCesA Zn Domain Interactions. Recombinant H-A1 ZD (2 g) was analyzed on native PAGE (15% PAGE containing 6.25% glycerol) using 250 mM Tris⅐HCl, pH 8.8, as gel and running buffer. Gels were run at 20 mA for 6 hr at 4°C, and proteins were visualized by silver staining. The molecular size of H-A1 ZD in solution was estimated by separating 75 g of purified protein on a Superdex 75 HR column (Amersham Pharmacia Biotech), equilibrated with 20 mM Hepes-NaOH, pH 7.4͞200 mM NaCl͞20 M ZnCl 2 using System Gold HPLC (Beckman Coulter). Flow rate was 0.5 ml͞min, and the column was calibrated with standards of lactalbumin (14.2 kDa) and carbonic anhydrase (29 kDa) . To estimate the mol size of H-A1 ZF in 15% SDS͞PAGE, the protein (5 g) was incubated in the presence of diamide for 20 min at 4°C and then incubated in loading buffer for 10 min at 37°C, separated on SDS͞PAGE, and visualized by silver staining. Reduction of H-A1 ZD was also monitored with the fluorescent probe monobromobimane (THIOLYTE, Calbiochem). Twenty micrograms of recombinant protein was reduced by 10 mM DTT for 10 min at 4°C and further incubated with 40 nmol monobromobimane for 30 min at room temperature. The reaction was stopped by incubating with SDS͞PAGE sample buffer for 10 min at 37°C and separated on 15% SDS͞PAGE gels, and fluorescent labeling was visualized as previously described (29) .
Expression of GhCesA1 in Yeast. Full-length GhCesA1 cDNA was cloned into pYes2 (Invitrogen), expressed in Saccharomyces cerevisiae INVSc1 (Invitrogen), and extracted as previously described (10) . Total yeast membrane proteins (20 g per lane) were separated on SDS͞PAGE gradient gel (4-12%), electroblotted onto nitrocellulose membranes, and immunodetected with antibodies against the Zn domain of GhCesA1, as previously described (13) . This antibody specifically recognizes only the Zn domain of GhCesA1 (and not that of GhCesA2); it reacts well with this domain after blotting from SDS͞PAGE and, for the native form, it shows a strong preference for the reduced form of the Zn domain.
Native PAGE of Cotton Fiber Membrane Proteins. Fibers from five 24-DPA locules (24 DPA) were extracted in 5 ml of ice-cold extraction buffer [50 mM 4-morpholinepropanesulfonic acid (Mops)-NaOH, pH 7.5͞5 mM EDTA͞0.25M sucrose͞protease inhibitor mixture; Boehringer] with or without 10 mM DTT, as indicated. The extract was centrifuged at 2,800 ϫ g for 30 min at 4°C, 15,000 ϫ g for 30 min at 4°C, and 400,000 ϫ g for 60 min at 4°C. The 400,000 ϫ g pellet was resuspended at 4°C in 3 ml of 50 mM Mops-NaOH, pH 7.5͞0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate͞protease inhibitor mixture and recentrifuged at 400,000 ϫ g for 60 min at 4°C. Supernatant (20 g) was separated on 4-12% gradient Tris-glycine native PAGE (NOVEX, San Diego). Gels were soaked in 12 mM Tris-base͞96 mM glycine͞ 0.25% SDS before electroblotting.
Results
The GhCesA1 N-Terminal Region Is a Zinc-Binding Domain. As a first goal to characterize the structure and function of the Zn domains of CesA proteins, we show that purified recombinant GST-A1N 176 (GhCesA1; Met-1-Ile-176) binds Zn 65 after renaturation following SDS͞PAGE separation and blotting onto nitrocellulose. The level of binding is similar to that of carbonic anhydrase, a known zinc-containing protein (Fig. 1) . Purified nonzinc proteins GST and ovalbumin showed only weak nonspecific binding. Direct chemical analysis indicated that GST-A1N 176 specifically binds about 2 mol of zinc per mol of protein after the estimated nonspecific binding is subtracted (Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org).
Interaction of GhCesA1 and GhCesA2 Zn Domains. Interaction studies using the yeast two-hybrid system show that the Zn domains of GhCesA1 can interact with themselves to form homodimers or with each other to form heterodimers ( Fig. 2A) . Controls shown indicate that neither of these domains shows self-activation properties. That the GhCesAs Zn domains cannot form heterodimers with the pGAL4 BD domain containing a C 2 H 2 -type zinc finger, which itself forms a dimer, and binds to DNA (30) indicates there is a specific interaction of the CesA1 and CesA2 Zn domains.
Pull-down experiments with recombinant proteins were used to confirm these interactions. Purified GST-A1N 115 , GST-A2N 111 , or GST (Fig. 2B, lanes 1-3, respectively) was tested for interaction with purified His-tagged CesA1 Zn domain (A1 ZD ; Fig. 2B, lane 4) by coincubation of pairs followed by incubation and pull-down with glutathione Sepharose beads. As for the yeast two-hybrid system, this domain of CesA1 can interact with itself (Fig. 2B, lane 5) or with the similar domain of CesA2 (Fig. 2B, lane 6) , each interacting in an approximate 1:1 molar ratio as judged crudely by silver staining, but only very weakly with GST (Fig. 2B, lane 7) .
Dimerization Is Regulated in Vitro by Redox State. Because zincfinger motifs can function as protein-binding domains and sometimes undergo dimerization that is redox dependent (27) , we tested the effect of redox state on the interactions between these CesA domains. Size-exclusion chromatography of His-tagged GhCesA1 Zn domain (H-A1 ZD ; Met-1-Val-66) in buffer lacking DTT showed that this protein exists as a mixture of monomer (8.2 kDa) and dimer (16.4 kDa) (Fig. 3A) and shifts completely to the monomeric state in the presence of 5 mM DTT (Fig. 3B) .
H-A1 ZD was further analyzed on nondenaturing PAGE wherein increasing amounts of DTT (5-10 mM) lead to conversion of most dimers to monomers (Fig. 3C) . Furthermore, without DTT but in the presence of the strong Zn 2ϩ chelator, o-phenanthroline, the protein still exists primarily as dimer, indicating that the dimerization does not involve a Zn-bound state. Evidence that the dimerization more likely involves formation of intermolecular disulfide bridges comes from our observation that the oxidized dimer cannot react with the thiol-reactive fluorescent probe monobromobimane on SDS͞PAGE (Fig. 3D, lane 1) , whereas in the presence of 10 mM DTT, the reduced monomer shows a strong fluorescent signal.
Elevation in H 2 O 2 levels such as that occurring in vivo in cotton fibers (28) might be one means by which dimerization to promote cellulose synthase complex assembly could occur. Dimers of H-A1 ZD (Fig. 4A, lane 2) were reduced in the presence of 10 mM DTT to the monomer form (Fig. 4A, lane 3 ) and further incubated with increasing amounts of H 2 O 2 . By progressively increasing the molar ratio of DTT͞H 2 O 2 , a gradual shift from monomer to dimer occurred, and dimers were detected only at a 1:1 molar ratio (Fig.  4A, lane 7) .
Under nonreducing conditions on SDS͞PAGE, two bands were visualized reflecting the reduced (Fig. 4B Upper, lane 2) monomer and an oxidized (Lower, lane 2) monomer, which presumably formed by intramolecular disulfide bonds. Addition of 10 mM DTT and the oxidizing agent diamide to H-A1 ZD gradually reduced the upper band and increased the lower band, whereas incubation in the presence of 5 mM diamide alone resulted in a single oxidized monomer band and some dimer with the expected molecular mass of about 17 kDa. These results suggest that the CesA1 Zn domain can exist as a dimer and͞or, under some conditions, as two distinct 
Fig. 2. Interactions of GhCesA1 and GhCesA2 N-terminal region in yeast and in vitro.
(A) Schematic presentation of the GhCesA1 and GhCesA2 N-terminal region (Upper) that contain the Zn domains (black). Yeast transformed with the plasmids containing the GAL-4 binding domain (pGAL bd : bait) and the GAL-4 activating domain (pGAL ad : prey), as indicated, were grown on synthetic complete medium minus leu and trp (-LT) and minus leu, trp, and his and 5 mM 3-amino 1,2,4-triazole (-LTH ϩ 3-amino-1,2,4-triazol). ␤-Galactosidase activity was assayed on -LT medium. (B) Purified recombinant GhCesA1 N-terminal GST fusion (A1N 115), GhCesA2 N-terminal GST fusion (A2N 111), and GST (''Input'') incubated with His-tagged GhCesA1 Zn domains (A1 zd) were washed and eluted (''Output'') and proteins subjected to 12% SDS͞PAGE developed by silver staining.
forms of monomer: an oxidized form in which intermolecular disulfide bonds may be formed between cysteine residues and the reduced form that on oxidation forms a dimer via intramolecular disulfide bonds.
Full-Length GhCesA1 Can Also Form Dimers and Tetramers.
In yeast cells expressing full-length cDNA for GhCesA1 under control of the GAL-inducible promoter (P GAL1 -CesA1), the protein is highly expressed and detectable in the membrane fraction using antiGhCesA1 Zn domain antibodies. In the presence of 5 mM DTT in the SDS͞PAGE gel sample buffer, GhCesA1 migrates mainly as monomer (113 kDa) with a slight amount of dimer (231 kDa) (Fig.  5A, lane 2) . In the absence of DTT, an additional band with a calculated molecular mass of about 450 kDa was detected, suggesting that under nonreduced conditions CesA1 forms monomers, dimers, and tetramers (Fig. 5A, lane 4) . Diamide added with DTT did not alter these patterns (Fig. 5A, lane 6 ), but in diamide without DTT, monomer disappeared and the protein was primarily a dimer with possibly other higher molecular weight forms as well (Fig. 5A,  lane 8) , suggesting again that dimerization is the main form under fully oxidative conditions. Although it is difficult to estimate the size of detergent-solubilized GhCesA1 from cotton fibers, on native gels we see an indication that a higher molecular weight form does begin to disassemble when oxidizing conditions are shifted in the presence of DTT (Fig. 5B) . Fig. 6 A with B) . Addition of increasing concentration of H 2 O 2 to the CGA 325Ј615-treated seedlings significantly reduced the radial swelling and completely abrogated root hair induction, and 100 M H 2 O 2 completely reversed all effects of the herbicide (Fig. 6B) . To show this effect was reversible and not caused by other unknown effects of H 2 O 2 , treated seedlings were transferred for an additional 14 hr to CGA 325Ј615. Seedlings pretreated with herbicide and H 2 O 2 completely recovered the CGA 325Ј615 phenotype on removal of the H 2 O 2 and possessed similar phenotypes to those obtained in seedlings treated for 32 hr with CGA 325Ј615 alone (Fig. 6C) . As a control, we determined that CGA 325Ј615 activity was not destroyed by pretreatment with H 2 O 2 (not shown). To demonstrate that the H 2 O 2 effect specifically relates to the mode of action of CGA 325Ј615, the herbicide DCB, which presumably possesses a different mode of action (13) , was also incubated in the presence and absence of H 2 O 2 . The induced radial swelling phenotype obtained by DCB was not abrogated by exposure of Arabidopsis seedlings to DCB and H 2 O 2 (not shown).
Discussion
Taken collectively, the data presented have led us to consider a model in which dimerization of CesA subunits represents the first step in rosette assembly that occurs in the plasma membrane or alternatively in the outer face of the Golgi (Fig. 7) . In general terms, this dimerization is proposed to occur via redox-regulated disulfide bond formation between at least some of the Cys resides in the Zn domains of two CesA subunits. Our evidence also suggests that CGA 325Ј625 may inhibit synthesis of crystalline cellulose by interfering with some aspect of the dimerization process. For cotton fibers at least, the H 2 O 2 production that occurs during the onset of secondary wall formation (28) could create localized oxidative conditions that favor dimerization and capacity for synthesis of ␤-1,4-glucan chains, a process that could involve specific protein disulfide oxidoreductases. Final rosette assembly that would be required for synthesis of crystalline microfibrils may well involve further protein-protein interactions that have not been identified in this study. Similarly, the possibility that the reduced form on the Zn domain may serve as a target for ubiquitin-mediated degradation or recycling of CesA subunits remains an open question.
In support of this model, we have shown that the GhCesA1 Zn domain contains two active zinc-binding domains (Fig. 1) . In the yeast two-hybrid system, GhCesA1 and GhCesA2 Zn domains can interact with themselves or with each other. Lack of activation of the two-hybrid system by the Zn domain fused to the GAL4 activating domain (Fig. 2 A, 4 and 5 ) further supports the hypothesis that the Zn domain does not possess transcription factor properties. Using isolated recombinant proteins, these interactions were further verified in vitro. Clearly, in the reduced state promoted by addition of DTT, the GhCesA1 Zn domain exists preferentially in the monomeric state (Fig. 3) . On oxidation by physiological levels of H 2 O 2 (Fig. 4A ) or by treatment with the strong oxidizing agent diamide that promotes disulfide formation (Fig. 4B) , the preferred state of the Zn domain is a dimer. That full-length GhCesA1 expressed in yeast can also undergo redox-regulated dimerization indicates there is no other domain involved per se in this interaction. However, our finding that, in cotton fibers, whereas reducing conditions lead to partial disassembly but not to complete monomerization, forms higher than dimers may exist in vivo (Fig. 5B) and may suggest that other interactions may also be involved in total rosette assembly. This is also indicated by the fact that rosette assembly is impaired in the rsw1 mutant where the mutation lies in a region outside the Zn domain (5) . By contrast, in membranes extracted from yeast cells expressing the full-length GhCesA1, the protein migrates as monomer, dimer, and tetramer with the dimer being the preferred form under completely oxidizing conditions (Fig. 5A) . We note that other proteins that might participate in rosette assembly are not present in yeast, and we have not observed rosette formation or cellulose synthesis when GhCesA-1 alone is expressed (C. Haigler, Y.K., and D.D., unpublished work), although there is an ability to elongate supplied steryl glucoside to steryl cellotriose (10) . Similarly, we note that intramolecular disulfide formation can also occur in the Zn domain (Fig. 4B) ; this interaction seems to abrogate the potential for dimerization and may be a factor that needs control in vivo. In this regard, our finding that a thioredoxin-like protein also interacts with the Zn domain in the yeast two-hybrid system (D.J.W. and D.D., unpublished work) may provide one means to minimize such a reaction, because thioredoxins are especially adept at reducing intramolecular disulfide bonds (31) . Exactly which cysteine residues are preferred to interact for dimerization and how higher-order assembly of CesA subunits into rosettes occurs in vivo are important questions for the future.
Dimerization via RING-finger domains is well documented in plants and animals. In Arabidopsis, for example, the constitutive photomorphogenic 1 (COP1) interacts via its RING-finger domain type C 3 HC 4 with the COP1 interacting protein 8 (CIP8) RING-H2 finger (32) . As a result of the COP1-CIP8 interaction, the stability of the CIP8 in seedlings is increased. In addition, oxidative stress regulates the zinc finger of the eukaryotic replication protein A, which binds DNA in reduced conditions while under oxidized conditions and zinc release the protein dimerizes via formation of disulfide bonds (23) . Graumann et al. (27) demonstrated that, on oxidative stress, the zinc-binding molecular chaperone Hsp33 dimerizes via two intramolecular disulfide bonds and becomes active as a molecular chaperone. The critical role of H 2 O 2 in regulation of onset of secondary wall cellulose synthesis in cotton fibers (28) may therefore at least partially relate to its effects in vivo on CesA interactions via Zn domains.
The results obtained in vivo by using CGA 325Ј615 and H 2 O 2 treatments (Fig. 6 ) can be explained if dimerization via the Zn domains occurs naturally in vivo under oxidative conditions, an event necessary for rosette assembly and function. These results support the previous finding that rosettes are disrupted on treatment with this herbicide (13) , and our finding that addition of H 2 O 2 completely abrogates the effects of the herbicide indeed supports the concept that CGA 325Ј615 somehow inhibits the oxidation and dimerization of CesA Zn domains. We also note that root hair growth is not affected at all by this herbicide; if the CslD proteins that lack Zn domains are the functional cellulose synthases in these tip-growing cells (19) , lack of sensitivity to CGA 325Ј615 would be expected according to this model. RING fingers also play important roles in transferring ubiquitin to heterologous proteins or to the RING-finger protein itself, namely by acting as E3 ubiquitin protein ligases (21, 22) . Therefore, under reduced conditions, it may be suggested that the CesA Zn domain acts as an E3 ligase and promotes its own degradation. Our recent finding (I.K. and D.D., unpublished work) that GhCesA1 has a half-life in vivo in cotton fibers of less than 1 hr indeed suggests that regulation of CesA turnover may be another important aspect of regulation of cellulose synthesis. This could conceivably also relate to the question raised by other work (7, 17, 18) of whether a mixture of distinct forms of CesA are required for rosette assembly and͞or function. According to the model presented by Scheible et al. (17) , at least two nonidentical CesA1 subunits are required for active cellulose synthase complex. At present, our data do not indicate a preference for homo-vs. heterodimerization in the yeast two-hybrid system or in vitro. However, one cannot rule out the possibility that other domains are also involved in this interaction, and that chaperones and͞or specific protein oxidoreductases might confer specificity in interactions that could not be detected in these studies. That mutant phenotypes are obtained when only one of several distinct CesAs expressed within the same cell type is impaired may imply that, in vivo, heterodimer formation is an essential step in rosette assembly and function.
In sum, the finding that dimerization of CesA subunits can occur via their Zn domains does point to new directions for future research on cellulose synthesis. Such future directions should include confirmation in vivo that these interactions are important for at least one step in rosette assembly, whether homo-or heterodimers are preferred, how redox control might regulate assembly, what other interactions between CesAs and͞or other proteins are involved, and how turnover of the complexes in vivo is regulated. Fig. 7 . Model for dimerization of two CesA subunits via the Zn domains under oxidative conditions. In this model, the hypothetical topology of a channel formed by single CesA1 is presented. Alternatively, this channel might be formed by higher interactions between two CesAs.
